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Galaxies 
 

•  Rotation curves of spiral galaxies 
•  Gas temperature in elliptical galaxies 

Clusters of galaxies 
 

•  Peculiar velocities and gas temperature 
•  Weak lensing 
•  Dynamics of cluster collision 
•  Filaments between galaxy clusters 

Cosmological scales 
 
Anisotropies in the Cosmic Microwave Background 

Dark Matter is a necessary (and abundant) ingredient in the Universe 

ΩCDM h2 = 0.1196 ± 0.003 

It is one of the clearest hints of  

Physics Beyond the SM 

Planck 
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We don’t know yet what DM is... but we do know many of its properties 
 
Good candidates for Dark Matter have to fulfil the following conditions 

•  Neutral 

•  Stable on cosmological scales 

•  Reproduce the correct relic abundance 

•  Not excluded by current searches 

•  No conflicts with BBN or stellar evolution 

Many candidates in Particle Physics 

•  Axions and ALPs 

•  Weakly Interacting Massive Particles (WIMPs) 

•  Self-interacting DM 

•  SuperWIMPs and Decaying DM 

•  Asymmetric DM 

•  SIMPs, CHAMPs, ETCs...  ... they have very different properties 
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WIMP 

Super 
Heavy DM 

Light DM A x i o n - l i k e 
particles 

R DDM 

Super 
WIMPs 

Dark Matter can be searched for in different ways... 

Direct Detection 

Accelerator 
Searches 

LHC (ILC) 

PAMELA 
Fermi 

MAGIC 
AMS 

ANTARES 
IceCube 

CTA 
HESS 

(DM-nuclei scattering) 

(DM production) 
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DAMA/LIBRA 
SuperCDMS 
Edelweiss 
XENON 
LUX 
CRESST 
CoGeNT 
DarkSide 
KIMS 
PICO 
SIMPLE 
ANAIS 
XMASS 
... 

Indirect Detection 

(DM annihilation) 



... probing different aspects of the DM interactions with ordinary matter 
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collider searches

via antiprotons

indirect searches
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“Redundant” detection can 
be used to extract DM 
properties. 

Constraints in one sector 
affect observations in the 
other two. 

Direct Detection 

(DM-nuclei scattering) 

PAMELA 
Fermi 

MAGIC 
AMS 

ANTARES 
IceCube 

CTA 
HESS 

Accelerator 
Searches 

LHC (ILC) (DM production) 

COMPLEMENTARITY 
of DM searches 
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Indirect Detection 

(DM annihilation) 

DAMA/LIBRA 
SuperCDMS 
Edelweiss 
XENON 
LUX 
CRESST 
CoGeNT 
DarkSide 
KIMS 
PICO 
SIMPLE 
ANAIS 
XMASS 
... 



Scattered  
WIMP 

Recoiling 
Nucleus 

•  Ionization 
•  Scintillation 
•  Phonons 

•  Bubble nucleation	  

WIMP scattering with nuclei can be measured through	  

Detection rate	  

Astrophysical parameters	  Experimental setup	   Theoretical input	  

Local DM density 
Velocity distribution factor	  

Differential cross section 
(of WIMPs with quarks) 
 
Nuclear uncertainties 	  

Target material (sensitiveness to 
spin-dependent and –independent 
couplings) 

Detection threshold  

1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2

Direct DM detection, where do we stand? 

For a 100 GeV WIMP, this implies 
recoil energies of order  ER~ 10 keV	  
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WIMP-nucleus cross section traditionally separated in two components 

Spin-independent contribution: scalar (or vector) coupling of WIMPs with quarks 	  

Spin-dependent contribution: WIMPs couple to the quark axial current	  

Total cross section with Nucleus scales as A2 	  

Total cross section with Nucleus scales as J/(J+1) 	  
Only present for nuclei with J≠ 0 and WIMPs with spin	  

Present for all nuclei (favours heavy targets) and WIMPs	  

2 Direct dark matter detection

Let us start by briefly reviewing the basic expressions that describe the WIMP rate in

direct dark matter detection [23] (for a recent review see Ref. [24]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER, vmin =
√

(mNER)/(2µ2
N), and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(SI) and a spin-dependent (SD) contribution, and the total WIMP-nucleus cross sec-

tion is calculated by adding coherently the above spin and scalar components, using

nuclear wave functions. The differential cross section thus reads

dσWN

dER
=

(

dσWN

dER

)

SI

+

(

dσWN

dER

)

SD

=
mN

2µ2
Nv

2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the SI and

SD contributions.

The observed number of dark matter events and the differential rate are subject

to uncertainties in the nuclear form factors and the parameters describing the dark

matter halo. Determining the impact of these is crucial to understand the capability
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loss which leads to a suppression in the event rate for heavy WIMPs or nucleons. In general,
we can express the differential cross section as

dσWN

dER
=

mN

2µ2
Nv2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (5)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momentum

transfer.
The origin of the different contributions is best understood at the microscopic level, by

analysing the Lagrangian which describes the WIMP interactions with quarks. The contribu-
tions to the spin-independent cross section arise from scalar and vector couplings to quarks,
whereas the spin-dependent part of the cross section originates from axial-vector couplings.
These contributions are characteristic of the particular WIMP candidate (see, e.g., [2]) and
can be potentially useful for their discrimination in direct detection experiments.

2.1 Spin-dependent contribution

The contributions to the spin-dependent (SD) part of the WIMP-nucleus scattering cross
section arise from couplings of the WIMP field to the quark axial current, q̄γµγ5q. For
example, if the WIMP is a (Dirac or Majorana) fermion, such as the lightest neutralino in
supersymmetric models, the Lagrangian can contain the term

L ⊃ αA
q (χ̄γ

µγ5χ)(q̄γµγ5q) . (6)

If the WIMP is a spin 1 field, such as in the case of LKP and LTP, the interaction term is
slightly different,

L ⊃ αA
q ϵ

µνρσ(Bρ

↔

∂µ Bν)(q̄γ
σγ5q) . (7)

In both cases, the nucleus, N , matrix element reads

⟨N |q̄γµγ5q|N⟩ = 2λN
q ⟨N |JN |N⟩ , (8)

where the coefficients λN
q relate the quark spin matrix elements to the angular momentum of

the nucleons. They can be parametrized as

λN
q ≃

∆(p)
q ⟨Sp⟩+ ∆(n)

q ⟨Sn⟩
J

, (9)

where J is the total angular momentum of the nucleus, the quantities ∆qn are related to

the matrix element of the axial-vector current in a nucleon, ⟨n|q̄γµγ5q|n⟩ = 2s(n)µ ∆(n)
q , and

⟨Sp,n⟩ = ⟨N |Sp,n|N⟩ is the expectation value of the spin content of the proton or neutron
group in the nucleus1. Adding the contributions from the different quarks, it is customary to
define

ap =
∑

q=u,d,s

αA
q√

2GF
∆p

q ; an =
∑

q=u,d,s

αA
q√

2GF
∆n

q , (10)

1These quantities can be determined from simple nuclear models. For example, the single-particle shell
model assumes the nuclear spin is solely due to the spin of the single unpaired proton or neutron, and therefore
vanishes for even nuclei. More accurate results can be obtained by using detailed nuclear calculations.
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and

Λ =
1

J
[ap⟨Sp⟩+ an⟨Sn⟩] . (11)

The resulting differential cross section can then be expressed (in the case of a fermionic
WIMP) as

(

dσWN

dER

)

SD
=

16mN

πv2
Λ2G2

FJ(J + 1)
S(ER)

S(0)
, (12)

(using d|q⃗|2 = 2mNdER). The expression for a spin 1 WIMP can be found, e.g., in Ref. [2].
In the parametrization of the form factor it is common to use a decomposition into

isoscalar, a0 = ap + an, and isovector, a1 = ap − an, couplings

S(q) = a20S00(q) + a0a1S01(q) + a21S11(q) , (13)

where the parameters Sij are determined experimentally.

2.2 Spin-independent contribution

Spin-independent (SI) contributions to the total cross section may arise from scalar-scalar
and vector-vector couplings in the Lagrangian:

L ⊃ αS
q χ̄χq̄q + αV

q χ̄γµχq̄γ
µq . (14)

The presence of these couplings depends on the particle physics model underlying the WIMP
candidate. In general one can write

(

dσWN

dER

)

SI
=

mNσ0F 2(ER)

2µ2
Nv2

, (15)

where the nuclear form factor for coherent interactions F 2(ER) can be qualitatively under-
stood as a Fourier transform of the nucleon density and is usually parametrized in terms of
the momentum transfer as [3; 4]

F 2(q) =
(

3j1(qR1)

qR1

)2

exp
[

−q2s2
]

, (16)

where j1 is a spherical Bessel function, s ≃ 1 fm is a measure of the nuclear skin thickness,
and R1 =

√
R2 − 5s2 with R ≃ 1.2A1/2 fm. The form factor is normalized to unity at zero

momentum transfer, F (0) = 1.
The contribution from the scalar coupling leads to the following expression for the WIMP-

nucleon cross section,

σ0 =
4µ2

N

π
[Zfp + (A− Z)fn]2 , (17)

with
fp

mp
=

∑

q=u,d,s

αS
q

mq
fp
Tq +

2

27
fp
TG

∑

q=c,b,t

αS
q

mq
, (18)

where the quantities fp
Tq represent the contributions of the light quarks to the mass of the

proton, and are defined as mpf
p
Tq ≡ ⟨p|mq q̄q|p⟩. Similarly the second term is due to the

4
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Upper bounds on the SI cross section 

XENON10, XENON100, LUX (Xe), CDMSlite, SuperCDMS, Edelweiss (Ge), COUPP (CF3I), and 
CRESST (CaWO4) have not observed any DM signal, which constrains the scattering cross 
section 

LUX	  

XENON100	  

DAMA	  

SuperCDMS	  
CDMSlite	  

EDELWEISS	  low	  thr.	  

CRESST-‐comm.	  (2009)	  

CRESST-‐II	  	  

CRESST	  	  
(2011)	  

DISCLAIMER:  
 
THIS PLOT ASSUMES 
•  Isothermal Spherical Halo 
•  WIMP with only spin-independent interaction 
•  coupling to protons = coupling to neutrons 
•  elastic scattering 

Plot by Raimund Strauss	  
9	  

(as in Ciaran O’Hare’s talk)	  



2nd Generation experiments will extend the sensitivity by over an order of magnitude.  
SuperCDMS @ SNOLAB will have an excellent coverage of the light mass window. 

10	  

Are there viable DM candidates in this mass range?  
 
Can they be detected in future detectors? 
 
How does this compare to other searches  
(indirect/colliders) 



Internal 
bremsstrahlung 

Continuum (secondary photons) 

Gamma rays from DM annihilation 

Direct gamma emission (features, lines) 

Fragmentation, 
hadronization and 
decays of SM 
particles 

f̄

f

γ

χ

χ

η

f̄

f

γ

χ

χ

η

f̄

f

γ

χ

χ

η

Figure 1. Feynman diagrams of the processes that contribute in leading order to the three-body
annihilation cross-section and produce internal bremsstrahlung. The first diagram very roughly cor-
responds to VIB, the second and third to FSR (but note that these contributions can be properly
defined and separated in a gauge-invariant way [22]).

mass-splitting of µ = 1.1. The spectra of secondary photons that stem from the subsequent
decay or fragmentation of the produced fermions are derived using Pythia 6.4.19 [56]. Note
that in case of bottom-quark final states we also take into account the production of VIB
gluons following Refs. [48, 57].1 For two-body annihilation, we cross-checked our results
with the analytical fits from Ref. [58, 59] and find very good agreement. From Fig. 2 it
is clear that for small enough mass-splittings the gamma-ray spectrum at high energies is
completely dominated by VIB photons, which show up as a pronounced peak at energies
close to the dark matter mass. Secondary photons and FSR only become relevant at lower
energies, or for larger values of µ. In our spectral analysis of galactic center fluxes presented in
Section 3, we will entirely concentrate on the spectral VIB feature and neglect the featureless
secondary photons. We will consider the range 1 < µ ! 2, because the VIB feature is most
important in the nearly degenerate case. In this range, the shape of the VIB spectrum is
almost independent of µ (it becomes slightly wider for larger µ), but its normalization can
vary rather strongly: for µ = 1.1 (µ = 2.0), the rate is already suppressed by a factor of 0.55
(0.05) with respect to the exactly degenerate µ = 1 case; for large µ, the rate scales as ∝ µ−4

(whereas the two-body annihilation rate scales like ∝ µ−2). For comparison with our main
results, we will also derive limits from dwarf galaxy observations (see Section 4.1); in this
case we will take into account both VIB and secondary photons.

2.2 Connection to the MSSM

Before continuing, let us briefly mention the connection between our toy model and the much
more often studied case of supersymmetry. The minimal supersymmetric extension to the
standard model (MSSM) is extremely well motivated from a particle physics point of view—
leading, in particular, to a unification of gauge couplings and strongly mitigating fine-tuning
issues in the Higgs sector—and the stability of the lightest supersymmetric particle (LSP)
is guaranteed by the conservation of R-parity; if it is neutral and weakly interacting, the
LSP thus makes for an ideal DM candidate (for a comprehensive and pedagogical primer to
supersymmetry and the MSSM see e.g. Ref. [61]).

In most cases, the lightest neutralino is the LSP, and thus a prime candidate for WIMP
DM [3]. It is a linear combination of the superpartners of the neutral components of the

1We use throughout the values αs = 0.118 and αem = 1/128 as evaluated at the mass of the Z boson. For
DM masses mχ = 40 to 300 GeV this approximation affects the VIB photon cross-section at the few percent
level, and the gluon VIB cross-section by ! 20%.
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130 GeV dark matter and the Fermi gamma-ray line

James M. Cline∗

Department of Physics, McGill University, 3600 Rue University, Montréal, Québec, Canada H3A 2T8

Based on tentative evidence for a peak in the Fermi gamma-ray spectrum originating from near
the center of the galaxy, it has been suggested that dark matter of mass ∼ 130 GeV is annihilating
directly into photons with a cross section ∼ 24 times smaller than that needed for the thermal
relic density. We propose a simple particle physics model in which the DM is a scalar X, with a
coupling λXX2|S|2 to a scalar multiplet S carrying electric charge, which allows for XX → γγ at
one loop due to the virtual S. We predict a second monochromatic photon peak at 114 GeV due
to XX → γZ. The S is colored under a hidden sector SU(N) or QCD to help boost the XX → γγ
cross section. The analogous coupling λhh

2|S|2 to the Higgs boson can naturally increase the partial
width for h → γγ by an amount comparable to its standard model value, as suggested by recent
measurements from CMS. Due to the hidden sector SU(N) (or QCD), S binds to its antiparticle
to form S-mesons, which will be pair-produced in colliders and then decay predominantly to XX,
hh, or to glueballs of the SU(N) which subsequently decay to photons. The cross section for X on
nucleons is close to the Xenon100 upper limit, suggesting that it should be discovered soon by direct
detection.

Refs. [1, 2] have recently found tentative evidence for
a narrow spectral feature at Eγ = 130 GeV in the Fermi-
LAT [3] data (a 4.6σ excess, or 3.3σ taking into account
the look-elsewhere effect), and have interpreted it as pho-
tons from the annihilation of dark matter (DM) of the
same mass. The Fermi collaboration does not yet re-
port such a signal, but their most recent upper limit of
⟨σv⟩ ∼ 10−27cm3s−1 (assuming an Einasto profile) for
130 GeV DM to annihilate into two photons [4] is con-
sistent with the required cross section found in [2]. The
DM interpretation was bolstered in ref. [5], which showed
that the two-photon annihilation channel gives a better
fit to the feature than do other final states leading to
photons, the others tending to give a broader peak than
is observed. Ref. [6] has suggested that the excess has
an astrophysical origin associated with the Fermi bub-
ble regions, but ref. [5] claims to locate the spatial re-
gions in which the signal is maximized, indicating that
the strongest emission is coming from close to the galac-
tic center and not the Fermi bubble regions. In this note
we adopt the annihilating DM hypothesis and propose a
model which can account for the monochromatic photon
line.1

q e

q e

λX λX

γ

γ

+S
X

X s

s

2(q e)s

FIG. 1: Feynman diagrams for the annihilation XX → γγ
mediated by virtual S.

∗Electronic address: jcline@physics.mcgill.ca
1 For an alternative model involving an extra U(1) gauge boson
see [7]. See also [8] for an earlier model that can provide gamma
ray lines from DM annihilation.

Dark matter (here denoted by X) should couple only
weakly to photons, if at all, at tree-level [9, 10]. One way
to insure the “darkness” of the DM is for it to couple
to photons only via loops. At one loop, the DM should
couple directly to charged particles S. To make a renor-
malizable coupling of this type, both X and S must be
bosons, since the stability of X and the conservation of
charge require X2 and |S|2. This leads us to consider the
interactions

Lint =
λX

2
X2 |S|2 + λh|H |2 |S|2 +

λhX

2
|H |2 X2 (1)

betweenX , the Higgs doubletH , and S. The second cou-
pling is not necessary, but neither is there is any reason to
forbid it, and in fact we will show that it can naturally
give rise to an interesting enhancement in the h → γγ
branching ratio, for the same values of the S mass and
charge as needed to explain the Fermi line. The third
coupling is useful for achieving the correct relic density
of X [11], as we will discuss. The stability of X is insured
by the Z2 symmetry X → −X .

Decays of S. It is necessary to make S unstable
in order to avoid charged relics, on whose abundance
there are very stringent bounds from terrestrial searches
for anomalous heavy isotopes [12, 13] and from their ef-
fects on big bang nucleosynthesis [14, 15]. We will also
find it useful to let S transform under QCD or a hid-
den SU(N) gauge symmetry, in order to boost the cross
section for XX → γγ. Suppose S is in the fundamen-
tal representation of SU(N) for definiteness. If SU(N)
is QCD and S has charge 4/3, it can decay into right-
handed up-type quarks through the renormalizable op-
erator ϵαβγSαūR,βuc

R,γ . If the SU(N) is exotic, then S
could decay into a lighter, neutral fundamental repre-
sentation field T and two charged right-handed fermions
through a dimension 5 operator. For example, if S has
charge qS = 2, the decay into T + e+ + e+ occurs via the

2 Gamma-ray flux from dark matter annihilation

The continuum gamma-ray differential flux from DM annihilation from a given observational region
∆Ω in the galactic halo has two main contributions: Prompt and Inverse Comptom Scattering
(ICS),

dΦγ

dEγ
(Eγ ,∆Ω) =

(

dΦγ

dEγ

)

prompt

+

(

dΦγ

dEγ

)

ICS

. (1)

We detail both contributions in the next subsections.

2.1 Prompt gamma rays

A continuous spectrum of gamma rays is produced by the decays of π0’s generated in the cascading
of annihilation products and by internal bremsstrahlung. While the former process is completely
determined for each given final state of annihilation, the latter depends on the details of the DM
model, such as the spin of the DM particle and the properties of the mediating particle. Neverthe-
less, it is known that internal bremsstrahlung always contains much model-independent final state
radiations, which are emitted directly from charged particles in the final states. In our analysis of
generic DM models, we only consider these components of the continuum spectrum (HOW IMPOR-
TANT ARE THE OTHERS?). It is a safe choice for the conservative approach that we follow, since
the inclusion of model-dependent components like (WHICH ARE THE OTHERS?) virtual internal
bremsstrahlung would make constraints stronger.

The prompt contribution can be written as

(

dΦγ

dEγ

)

prompt

=
∑

i

dN i
γ

dEγ
⟨σiv⟩

1

8πm2
DM

J̄(∆Ω)∆Ω , (2)

where the discrete sum is over all DM annihilation channels, dN i
γ/dEγ is the differential gamma-ray

yield, ⟨σiv⟩ is the annihilation cross section averaged over its velocity distribution, mDM is the mass
of the DM particle, and the quantity J̄(∆Ω), commonly known as the J-factor, is defined as

J̄(∆Ω) ≡
1

∆Ω

∫

dΩ

∫

l.o.s.
ρ2(r(l,Ψ)) dl . (3)

This quantity accounts for both the DM distribution and the geometry of the problem1. The integral
of the DM squared density ρ2 in the direction of observation Ψ is along the line of sight (l.o.s), and
r and l represent the galactocentric distance and the distance to the Earth, respectively.

In eq. (2), all the dependence on astrophysical parameters is contained in the factor J̄(∆Ω)∆Ω,
whereas the rest of the terms contain the particle physics details2. The most crucial aspect in the
calculation of J̄(∆Ω)∆Ω is related to the modeling of the DM distribution.

1In other works it also includes instrumental effects such as the Point Spread Function, see e.g., Refs.[4, 5, 6, 7].
CHECK THIS COMMENT

2Strictly speaking, both terms are not completely independent each other, as the minimum predicted mass for
DM halos is set by the properties of the DM particle and it is expected to play an important role also in the J-factor.
CHECK THIS COMMENT
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In eq. (2), all the dependence on astrophysical parameters is contained in the factor J̄(∆Ω)∆Ω,
whereas the rest of the terms contain the particle physics details2. The most crucial aspect in the
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Figure 2: e�MSSM in the (⇥�ann v⇤, mDM) plane. All points are consistent with all

accelerator constraints and red points have a neutralino thermal relic abundance con-

sistent with WMAP. Blue points have a lower thermal relic density but it is assumed

that neutralinos still comprise all of the DM in virtue of additional non-thermal produc-

tion processes. The line indicate the Fermi 95% upper limits obtained from likelihood

analysis on the 8 selected dwarfs. Figure from [31].

of the parameter space are included. We can see in Fig. 2 that these (red) points remain

unconstrained.

No excess has been observed either from dSphs in Cherenkov telescopes like HESS,

VERITAS, MAGIC and Whipple, implying limits from these studies that vary between

a few times � 10�23 to a few times 10�22 cm3 s�1 for a 1 TeV mass neutralino. Let us

remark that Cherenkov telescopes are more sensitive to DM particles with high masses

(higher than about 200 GeV), and their searches are thus complementary to those of

Fermi.

In a recent work [33], using 24 months of data, adding Segue 1 and Carina to

the sample of 8 dSphs analyzed in [31], and including the uncertainty in the DM

distribution, Fermi-LAT collaboration was able to obtain stronger constrains combining

all the dSph observations into a single joint likelihood function. The upper limits on

the annihilation cross section can be seen in Fig. 3 from ref. [33]. Thus WIMPs with

thermal cross sections are ruled out up to a mass of about 27 GeV for the bb̄ channel
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Fig. 3. – Spectra from the likelihood analysis of the Fermi LAT data (number of counts vs
reconstructed energy) in a 7◦×7◦ region around the Galactic Center (number of counts vs
reconstructed energy)

Fig. 4. – Residuals ( (exp.data - model)/model) of the above likelihood analysis. The blue area
shows the systematic errors on the effective area.

tools [17]). The P6−v3 version of the Instrument Response Functions and event classifi-
cation was used. For this analysis a region of interest (RoI) of 7◦×7◦ was considered in
order to minimize the diffuse backgrounds contributions. The RoI was centered at the
Galactic Center position at RA = 266.46◦, Dec=-28.97◦. The events were selected to
have an energy between 400MeV and 100GeV, to be of the ”diffuse” class (high purity
sample) and to have converted in the front part of the tracker. The selection conditions
provided us with events with very well reconstructed incoming direction. Data have been
binned into a 100×100bins map for the subsequent likelihood analysis. In order to per-
form maximum likelihood analysis of the data, a model of the already known sources and
the diffuse background should be built. The used model is made of 11 sources from the
Fermi 1 year catalog [3] which are located within or very close to the considered region
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annihilation] cross section [DC: in the Early Universe of
⟨σv⟩ ∼] 1-2×10−26 cm3/s, [DC: remarkably close to that
expected for a thermal relic]. ⟨σv⟩ ∼ 10−26 cm3/s
This situation has triggered many studies interpreting

the excess from the particle physics point of view [12–39].
However, as pointed out in Ref. [40], it is [DC: crucial]
to understand if this excess [DC: can be obtained within]
a complete theoretical framework. [DC: In] the case of
SUSY this is highly non-trivial, [DC: however very re-
cently,] a new study has shown that the neutralino in
the MSSM, and other simplified DM models can still de-
scribe the excess for DM masses up to hundreds of GeV
depending on the primary annihilation channel [41]. [DC:
Do they include direct detection bounds and LHC con-
straints as we do?]
In this work, we extend our previous analysis [42] to

demonstrate that the right-handed (RH) sneutrino DM
in the NMSSM is an excellent scenario to account for the
excess while fulfilling constraints from direct detection
experiments, LHC and low energy observables. In our
analysis we also incorporate Fermi-LAT constraints from
dwarf spheroidal galaxies (dSph), including an estimation
of the effect that the most recent results have on our data.
[DC: Modify this paragraph, more details, similar to the
abstract].

RH SNEUTRINO DM IN THE NMSSM

This model has been extensively described in Refs. [45,
46]. It is an extended version of the NMSSM, in which a
new gauge singlet superfield, N , is introduced in order to
account for RH neutrino and sneutrino (Ñi) states [DC:
as in [43, 44]]. The superpotential of this construction is
given by

W = WNMSSM + λNSNN + yNL ·H2N, (1)

where flavour indices are omitted and the dot denotes the
antisymmetric SU(2)L product. WNMSSM is the NMSSM
superpotential, λN is a new dimensionless coupling, yN
is the neutrino Yukawa coupling, and H1,2 are the down
and up type doublet Higgs components, respectively. As
in the NMSSM, a global Z3 symmetry is imposed so that
there are no supersymmetric mass terms in the superpo-
tential. Since we assume R-parity conservation in order
to guarantee the stability of the LSP, the terms NNN
and SSN are forbidden. Furthermore, we do not con-
sider CP violation in the Higgs sector.
After radiative electroweak symmetry-breaking the

Higgs fields get non-vanishing vacuum expectation val-
ues (VEVs) and the physical Higgs states correspond to a
superposition of the H1, H2 and S fields. The RH sneu-
trino interacts with the SM particles through the mix-
ing in the Higgs sector thanks to the coupling λNSNN ,
thereby behaving as a WIMP.

[DC: Interestingly, light RH sneutrinos with masses in
the range of 10− 150 GeV are viable as DM candidates
[49] and constitute ideal candidates to account for the
GCE, as we already pointed out in Ref. [42]. Their phe-
nomenology is very rich, as they can annihilate into a
variety of final states, some of which include scalar and
pseudoscalar Higgses. In particular, if mÑ1

> mH0
1
(A0

1
),

the annihilation final state of sneutrinos is dominated
by a H0

1H
0
1 (A

0
1A

0
1) pair in vast regions of the param-

eter space. It must be noticed that through the pro-
cess Ñ1Ñ1 → H0

1H
0
1 (A

0
1A

0
1) with the subsequent decay

H0
1 (A

0
1) → f f̄ , GḠ where f denotes a fermion and G a

gauge boson, a non-standard final state is produced. In
general, this process will create a gamma ray flux contain-
ing a continuum component plus spectral features coming
from the γγ final states. ]
[DC: Given that the final state is not a pure channel

and include exotic configurations the model independent
approach generally found in the literature is not applica-
ble. In the next section we describe in detail how the fit
to the Fermi-LAT GCE is performed.]

FITTING THE GCE WITH RH SNEUTRINOS

Previous analyses of the GCE employ different assump-
tions on the Galactic diffuse and point source compo-
nents. Consequently, the reconstructed DM mass and
annihilation cross section differ slightly. In this work we
have followed the results of Ref. [10] where the authors
take into account theoretical model systematics by ex-
ploring a large range of Galactic diffuse emission models.
When these systematics are included as correlated er-
rors in the residual spectrum, the best fit for the DM
interpretation corresponds to a bb̄ final state with a mass
of 49+6.4

−5.4 GeV and a velocity averaged cross section of
1.76+0.28

−0.27 × 10−26 cm3/s.
To implement this analysis in our model, we have per-

formed a series of scans over the parameter space of the
model, implementing the bounds from collider, direct and
indirect detection experiments (for more details on the
scan and constraints the reader is referred to Ref. [42]).
All [DC: computing the gamma ray spectrum as well
as the RH sneutrino relic abundance with] micrOMEGAs
3.6.9 [50]. We set an upper bound on the RH sneu-
trino relic abundance, ΩÑ1

h2 < 0.13, consistent with
the latest Planck results [51]. Besides, we have con-
sidered the possibility that RH sneutrinos only con-
tribute to a fraction of the total relic density, and set
for concreteness a lower bound on the relic abundance,
0.001 < ΩÑ1

h2. To deal with these cases, the fractional
density, ξ = min[1,ΩÑ1

h2/0.11], will be introduced to ac-
count for the reduction in the rates for direct and indirect
searches (assuming that the RH sneutrino is present in
the DM halo in the same proportion as in the Universe).
[DC: We .]
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This situation has triggered many studies interpreting

the excess from the particle physics point of view [12–39].
However, as pointed out in Ref. [40], it is [DC: crucial]
to understand if this excess [DC: can be obtained within]
a complete theoretical framework. [DC: In] the case of
SUSY this is highly non-trivial, [DC: however very re-
cently,] a new study has shown that the neutralino in
the MSSM, and other simplified DM models can still de-
scribe the excess for DM masses up to hundreds of GeV
depending on the primary annihilation channel [41]. [DC:
Do they include direct detection bounds and LHC con-
straints as we do?]
In this work, we extend our previous analysis [42] to

demonstrate that the right-handed (RH) sneutrino DM
in the NMSSM is an excellent scenario to account for the
excess while fulfilling constraints from direct detection
experiments, LHC and low energy observables. In our
analysis we also incorporate Fermi-LAT constraints from
dwarf spheroidal galaxies (dSph), including an estimation
of the effect that the most recent results have on our data.
[DC: Modify this paragraph, more details, similar to the
abstract].

RH SNEUTRINO DM IN THE NMSSM

This model has been extensively described in Refs. [45,
46]. It is an extended version of the NMSSM, in which a
new gauge singlet superfield, N , is introduced in order to
account for RH neutrino and sneutrino (Ñi) states [DC:
as in [43, 44]]. The superpotential of this construction is
given by

W = WNMSSM + λNSNN + yNL ·H2N, (1)

where flavour indices are omitted and the dot denotes the
antisymmetric SU(2)L product. WNMSSM is the NMSSM
superpotential, λN is a new dimensionless coupling, yN
is the neutrino Yukawa coupling, and H1,2 are the down
and up type doublet Higgs components, respectively. As
in the NMSSM, a global Z3 symmetry is imposed so that
there are no supersymmetric mass terms in the superpo-
tential. Since we assume R-parity conservation in order
to guarantee the stability of the LSP, the terms NNN
and SSN are forbidden. Furthermore, we do not con-
sider CP violation in the Higgs sector.
After radiative electroweak symmetry-breaking the

Higgs fields get non-vanishing vacuum expectation val-
ues (VEVs) and the physical Higgs states correspond to a
superposition of the H1, H2 and S fields. The RH sneu-
trino interacts with the SM particles through the mix-
ing in the Higgs sector thanks to the coupling λNSNN ,
thereby behaving as a WIMP.

[DC: Interestingly, light RH sneutrinos with masses in
the range of 10− 150 GeV are viable as DM candidates
[49] and constitute ideal candidates to account for the
GCE, as we already pointed out in Ref. [42]. Their phe-
nomenology is very rich, as they can annihilate into a
variety of final states, some of which include scalar and
pseudoscalar Higgses. In particular, if mÑ1

> mH0
1
(A0

1
),

the annihilation final state of sneutrinos is dominated
by a H0

1H
0
1 (A

0
1A

0
1) pair in vast regions of the param-

eter space. It must be noticed that through the pro-
cess Ñ1Ñ1 → H0

1H
0
1 (A

0
1A

0
1) with the subsequent decay

H0
1 (A

0
1) → f f̄ , GḠ where f denotes a fermion and G a

gauge boson, a non-standard final state is produced. In
general, this process will create a gamma ray flux contain-
ing a continuum component plus spectral features coming
from the γγ final states. ]
[DC: Given that the final state is not a pure channel

and include exotic configurations the model independent
approach generally found in the literature is not applica-
ble. In the next section we describe in detail how the fit
to the Fermi-LAT GCE is performed.]

FITTING THE GCE WITH RH SNEUTRINOS

Previous analyses of the GCE employ different assump-
tions on the Galactic diffuse and point source compo-
nents. Consequently, the reconstructed DM mass and
annihilation cross section differ slightly. In this work we
have followed the results of Ref. [10] where the authors
take into account theoretical model systematics by ex-
ploring a large range of Galactic diffuse emission models.
When these systematics are included as correlated er-
rors in the residual spectrum, the best fit for the DM
interpretation corresponds to a bb̄ final state with a mass
of 49+6.4

−5.4 GeV and a velocity averaged cross section of
1.76+0.28

−0.27 × 10−26 cm3/s.
To implement this analysis in our model, we have per-

formed a series of scans over the parameter space of the
model, implementing the bounds from collider, direct and
indirect detection experiments (for more details on the
scan and constraints the reader is referred to Ref. [42]).
All [DC: computing the gamma ray spectrum as well
as the RH sneutrino relic abundance with] micrOMEGAs
3.6.9 [50]. We set an upper bound on the RH sneu-
trino relic abundance, ΩÑ1

h2 < 0.13, consistent with
the latest Planck results [51]. Besides, we have con-
sidered the possibility that RH sneutrinos only con-
tribute to a fraction of the total relic density, and set
for concreteness a lower bound on the relic abundance,
0.001 < ΩÑ1

h2. To deal with these cases, the fractional
density, ξ = min[1,ΩÑ1

h2/0.11], will be introduced to ac-
count for the reduction in the rates for direct and indirect
searches (assuming that the RH sneutrino is present in
the DM halo in the same proportion as in the Universe).
[DC: We .]
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What have theorists done in the meanwhile? 
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•  Asymmetric DM
•  Inelastic DM
•  Decaying DM (e.g., gravitinos)
•  Axions
•  Self-interacting DM
•  …

•  “Standard” WIMPs

-  Supersymmetry 
(neutralinos, sneutrinos)

-  Kaluza-Klein DM 
-  Inert Doublet Model
-  …

Taxonomy (Theory–biased)  
Predictions are tested with experimental results 

 

Construct a bestiary of “well motivated models” 
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Particle Physics models for dark matter 

Well motivated DM models in theories beyond the Standard Model (e.g., 
Supersymmetry) 

Minimal SUSY extension  
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 Arina, Fornengo 08 

Sneutrino 
 
Viable candidates in scenarios with Right-Handed 
sneutrinos 

Gravitino (Superpartner of the graviton) 
Axino (Superpartner of the axion) 

Extra-weakly interacting massive particles 

Goldberg ’83 
Ellis, Hagelin, Nanopoulos, Olive, Srednicki ’83 

 Krauss ‘83  

Neutralino 
 
Good annihilation cross section. it is a WIMP 



22

�����

��
��
�

�����
�
��
�
�

Figure 17. The (m⇥̃0
1
,⇤SI

p ) planes in the CMSSM (left panel) and the NUHM1 (right panel). The �⌅2 =
2.30(5.99) contours, corresponding to the 68(95)% CL are coloured red (blue). The solid (dashed) lines
are for global fits to the LHC5/fb, BR(Bs ⇤ µ+µ�) and new XENON100 (LHC1/fb) data, and the
corresponding best-fit points are indicated by solid (open) green stars.

9. Comparison with other Analyses

We are not aware of any global analyses in-
corporating the new XENON100 constraint [27].
The two global analyses including LHC 5/fb data
that are most similar to ours are [9] and [10],
and we take this opportunity to comment on the
relations and di⇥erences between those and the
present work.
As in this work, Ref. [9] incorporates the con-

straints imposed by the LHC5/fb data using an
implementation of Delphes that is reported to re-
produce the 95% CL limits published previously
by ATLAS using 165/pb and 1/fb of data and
shown to reproduce approximately the 95% CL
limits for tan� = 10 and A0 found in the
ATLAS analysis used here and the CMS razor
analyss with 5/fb of data [13]. However, the
ATLAS 5/fb jets + /ET analysis has apparently
not been modelled in detail, and full informa-
tion is not available on its validation for other
values of the CMSSM parameters, nor on its ex-
tension to the NUHM1. In contrast to previous
papers by the same collaboration that used the
MasterCode, Ref. [9] uses only a reduced set of
precision electroweak and flavour observables, a
topic we comment on below. In contrast, Ref. [9]

uses AstroFit, which provides input from both
direct and indirect dark matter searches, whereas
we use only the direct XENON100 search. How-
ever, Ref. [9] finds that the indirect dark mat-
ter searches have negligible impact at the present
time. When the constraint Mh = 126±2±3 GeV
is imposed in [9], the results for the CMSSM are
relatively similar to ours, whereas the results for
the NUHM1 are only qualitatively similar.

Ref. [10] implements the CMS razor analysis
using 5/fb of data, and provides more details of its
e⇧ciency and likelihood maps, and also compares
with the 95% CL limit obtained in the ATLAS
5/fb jets + /ET analysis. This paper favours val-
ues of the CMSSM mass parameters (m0,m1/2)
that are considerably larger than in our analysis
and in [9]. However, Ref. [10] does favour the stau
coannihilation strip and the rapid-annihilation
funnel regions of the CMSSM, disfavouring the
focus-point region that had been advocated in
previous fits by the same group. Ref. [10] does not
discuss the NUHM1, but does consider the possi-
bilities that µ < 0 and of dropping the (g � 2)µ
constraint.

Fornengo et al. 1304.5353 

Neutralino in the MSSM 

Bélanger et al. 1308.3753 
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The predictions for its scattering cross section still span many orders of magnitude 
(excellent motivation for more sensitive detectors)  
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Figure 7. Constraints on the neutralino mass and SI scattering cross-section in the NUHM, including all
available present-day data (WMAP 7-year, LHC 5.8 fb−1 SUSY null search and Higgs detection, XENON100
2012 direct detection limits). Black, filled contours depict the marginalised posterior pdf (left: flat priors;
middle: log priors) and the profile likelihood (right), showing 68%, 95% and 99% credible/confidence regions.
The encircled black cross is the overall best-fit point. Blue/empty contours show constraints without the
latest XENON100 results. The 90% XENON100 exclusion limit (from Ref. [21]) is shown as a red/solid line.
Ref. [21] only shows the limit for mχ̃0

1
< 1000 GeV; we show the extension of this limit to higher WIMP

masses as a red/dashed line. We also show the expected reach of XENON1T as a red/dashed line.

of neutralino masses around mχ̃0
1
∼ 1 TeV, as a consequence of the Higgsino-like character of

the neutralino. As can be seen by comparing the blue and the black contours, the XENON100
2012 limit (red/solid line) rules out part of this otherwise unconstrained region. The picture
is similar in terms of the profile likelihood. We also display the expected 90% exclusion limit
from the future XENON1T direct detection experiment. XENON1T will probe the entire
currently favoured NUHM parameter space, independently of the statistical perspective.
Therefore, direct detection prospects for this model remain very good given all present-day
experimental constraints.

As in the cMSSM, the spin-dependent cross-section remains out of reach even for future
multi-ton scale detectors. The favoured region spans the interval σSD

χ̃0
1−p

∈ [10−5.5, 10−6.5] pb,

with the best-fit point found at the bottom end of the range.
In Fig. 8, we show the 1D posterior pdf and profile likelihood for some observables and

derived quantities. The first six panels show some sparticle masses of interest. Both the
lightest neutralino and lightest chargino masses are highly concentrated around 1 TeV. The
favoured masses of the lightest stop and bottom are mstop1 ≈ 5000 GeV and msbottom1 ≈
6000 GeV, respectively. The favoured gluino and average squark masses are even larger,
mgluino,msquark ≈ 7000 GeV. The favoured sparticle masses are far beyond the current reach
of the LHC, and will not be accessible to the LHC operating at 14 TeV collision energy,
nor the HL-LHC upgrade. This is true for both the posterior pdf and the profile likelihood
function, which are in excellent agreement. Therefore, detection prospects of the NUHM at
colliders are dim, and for discovery of this model alternative search strategies, such as direct
detection experiments, have to be relied on.

As can be seen from the 1D distributions for mh, in the NUHM a Higgs mass mh ∼ 126
GeV can easily be realised, and both the Bayesian pdfs and the profile likelihood function
peak at the experimentally measured value. The reason whymh ∼ 126 GeV is easily achieved,
while this value is disfavoured in the cMSSM, is that in the NUHM much larger values of
m1/2 are allowed, leading to larger stop masses, and thus larger values of mh. The favoured
regions in NUHM parameter space in the (Xt/MS ,mh) plane are shown in Fig. 9. As can
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EW-scale see-saw mechanism implies very small yukawa couplings being therefore of order of the electroweak scale. Then, in order to reproduce the small

masses of the left-handed neutrinos, which are given as

mνL
=

y2
Nv2

2

MN
, (2.8)

the low scale seesaw mechanism implies small Yukawa couplings of O(10−6) or less.

Here, v1,2 = ⟨H1,2⟩ denote the VEV of the Higgs doublet. To reproduce light neutrino

masses and mixing for neutrino oscillation data we would need to introduce the genera-

tion structure in the right-handed neutrino sector. However, as we will see, these small

neutrino Yukawa couplings are completely irrelevant for dark matter physics. Hence,

for simplicity, we consider one generation case, but one may regard that the considered

sneutrino corresponds to the lightest one among multi-generations.

2.2 Sneutrino masses

The sneutrino mass matrix can be read from the quadratic terms with respect to L̃

and Ñ

V (L̃, Ñ) ⊂ |yNH2Ñ |2 + |2λNSÑ |2 + |− λSH1 + yN L̃Ñ |2

+|− λH1H2 + κS2 + λNÑ2|2 + D − term

+m2
L̃
|L̃|2 + m2

Ñ
|Ñ | +

(
λNAλN

SÑ2 + yNAyN
L̃H2Ñ + H.c.

)
. (2.9)

Decomposing the left-handed sneutrino ν̃L and right-handed sneutrino Ñ as

ν̃L ≡
1√
2
(ν̃L1 + iν̃L2), Ñ ≡

1√
2
(Ñ1 + iÑ2), (2.10)

the sneutrino quadratic term can be written as
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where flavour indices are omitted and the dot denotes the SU(2)L antisymmetric prod-

uct. As in the NMSSM, a global Z3 symmetry is imposed for each superfield, so that

there are no supersymmetric mass terms in the superpotential. Note that the term

NNN and SSN are gauge invariant but not consistent with R-parity and thus are not

included. Notice also that N does not have a bare Majorana mass but acquires a mass

through the non-vanishing singlet Higgs VEV, vs.

The supersymmetric scalar potential for squarks, sleptons, Higgses and the right-

handed sneutrino, Ñ , is given as V = VF + VD with

VF = |YuH2ũ + YdH1d̃|2 + |YuH2Q̃|2 + |YdH1Q̃|2 + |YeH1ẽ + yNH2Ñ |2 + |YeH1L̃|2

+|YdQ̃d̃ + yN L̃ẽ − λSH2|2 + |YuQ̃ũ − λSH1 + yN L̃Ñ |2

+|− λH1H2 + κS2 + λNÑ2|2 + |2λNSÑ + yN L̃H2|2, (2.3)

and

VD =
g2
1

2

(
H†

1

−1

2
H1 + H†

2

1

2
H2 + Q̃† 1

6
Q̃ + ũ†−1

3
ũ + d̃†1

3
d̃ + L̃†−1

2
L̃ + ẽ†ẽ

)2
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2
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. (2.4)

The soft SUSY breaking terms are

−Lscalar mass = m2
Q̃
|Q̃|2 + m2

ũ|ũ|2 + m2
d̃
|d̃|2 + m2

L̃
|L̃|2 + m2

ẽ|ẽ|2

+m2
H1
|H1|2 + m2

H2
|H2|2 + m2

S|S|2 + m2
Ñ
|Ñ |, (2.5)

where the new soft scalar masses mÑ and mS are included, and

−LA−terms =
(
AuYuH2Q̃ũ + AdYdH1Q̃d̃ + AeYeH1L̃ẽ + H.c.

)

+

(
−λAλSH1H2 +

1

3
κAκS

3 + H.c.

)

+
(
λNAλN

SÑ2 + yNAyN
L̃H2Ñ + H.c.

)
, (2.6)

which contains the new trilinear soft terms AλN
and AyN

. The sum of the supersym-

metric and soft SUSY breaking terms give the total scalar potential.

2.1 Neutrino mass

As stated above, in this construction, right-handed neutrino masses are generated by

the non-vanishing VEV of the singlet Higgs as

MN = 2λNvs , (2.7)
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Since this determines the LR mixing of the 
neutrino/sneutrino sector one is left with 
pure Right and Left fields 
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Other solution for sneutrino dark matter consists in considering LR-sneutrinos 
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Excellent motivation for direct searches at low masses  
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•  Black dots can also be explored 
through gamma ray lines 	  

•  Sneutrinos as light as ~5 GeV can be 
found, which satisfy all constraints 

•  Scattering cross section within the 
range of G2 experiments	  
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Right-handed sneutrino in the NMSSM and the Galactic Centre Emission 

•  Perform a scan in the parameter space imposing all constraints (direct, 
indirect and colliders) 

•  The full final state is studied 
Do not restrict the analysis to pure annihilation channels.  
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FIG. 3. Differential gamma ray spectrum for the points in Table I for pure (left panel) and predominant (right panel) annihilation
channels. The colour convention is as in Fig. 2. The experimental data and errors are extracted from Ref. [10], as well as the best fit for a
pure bb̄ channel, represented by a black dashed line.

Pure final states

Final state mÑ1
(GeV) ξ2⟨σv⟩0 (cm3/s) ΩÑ1

h2 χ2

H0
1H

0
1 (91.8%) 119.8 5.1× 10−26 0.094 21.9

A0
1A

0
1 (90.6%) 65.0 2.7× 10−26 0.109 22.3

bb̄ (90.2%) 46.1 1.9× 10−26 0.038 22.6

Mixed final states

Final state mÑ1
(GeV) ξ2⟨σv⟩0 (cm3/s) ΩÑ1

h2 χ2

A0
1A

0
1 (44.7%) 63.8 2.9× 10−26 0.061 20.8

bb̄ (42.1%) 63.2 2.9× 10−26 0.042 21.0

H0
1H

0
1 (71.4%) 121.4 5.4× 10−26 0.075 21.6

gg (38.8%) 39.6 1.4× 10−26 0.071 23.7

cc̄ (33.0%) 39.0 1.2× 10−26 0.099 25.4

H0
1H

0
2 (44.5%) 127.4 4.3× 10−26 0.054 25.9

A0
1A

0
1 (4τ ) (67.5%) 25.5 1.5× 10−26 0.068 27.4

W+W− (28.0%) 72.4 2.6× 10−26 0.104 29.2

TABLE I. Properties of the points that provide the best fit
to the GCE for different annihilation final states. We have
separated the solutions into pure final states (which have an
annihilation percentage into a given channel bigger than 90%)
and mixed final states (in which case we show the dominant
channel with its percentage).

Since mA0
1

< 2mb, these pseudoscalars cannot decay
into a pair of b quarks and instead they do it predomi-
nantly into a pair of τ leptons. The resulting process,

Ñ1Ñ1 → 2A0
1 → 4τ , leads to a leptonic final state

(with best fit around mÑ1
≈ 25 GeV), which differs

from the usual 2τ final state (whose best fit is around
10 GeV [10]). We have also found 2τ final states,
however, these appear only for mÑ1

! 5 GeV [53] and
therefore fall out of the 95% C.L.

• mÑ1
≈ 30 − 135 GeV. This region is populated by

points which present annihilation mainly into bb̄ (grey),
cc̄ (green), gg (violet), A0

1A
0
1 (cyan), H0

1H
0
1 (blue) and

H0
1H

0
2 (dark blue).

The best fit for a pure annihilation into a bb̄ pair is
obtained for mÑ1

= 46.1 GeV (see Table I), in good
agreement with Ref. [10], but it shifts to larger masses
mÑ1

= 63.1 GeV if mixed final states are considered.
Very few solutions with dominant cc̄ and gg final states
are found. These channels dominate when the up com-
ponent of the lightest Higgs is larger than the down com-
ponent, which enhances the Higgs coupling to up-type
fermions and top loop contributions to gg final states.
However, these loop contributions also enhance the γγ
line production and most of the points are excluded
for this reason. Besides, these final states are always
related to the resonant annihilation of RH sneutrinos
through a light singlet-like H0

1 [53] and typically have
a smaller relic abundance than the lower bound consid-
ered in this article. This also happens for other channels
when mÑ1

≈ mH0
2
/2 ≈ 63 GeV, and explains the gap in

the plot.
The annihilation into a pair of CP even Higgs bosons

takes place mostly for mÑ1

>∼ 60 GeV. These subse-

quently decay mainly into bb̄ (if the down component

Points fitting the GCE at 90% CL 

DGC, Peiró, Robles JCAP 08 (2014) 005 
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Ñ1

q̄, l̄, g, Z0,W+

q, l, g, Z0,W−

FIG. 1. RH sneutrino annihilation diagrams that produce lines and box-shaped features in the gamma ray spectrum.

the energy resolution of the LAT instrument. We have
used the P7REP-SOURCE-V15 total (front and back) reso-
lution of the reconstructed incoming photon energy as a
function of the energy for normally incident photons.
Afterwards, we have calculated the χ2 function as fol-

lows [10]:

χ2 =
∑

ij

(

dN̄

dEi
(θ)−

dN

dEi

)

Σ−1
ij

(

dN̄

dEj
(θ)−

dN

dEj

)

, (2)

where Σij is the covariance matrix containing the statis-
tical errors and the diffuse model and residual system-
atics [10]. dN/dEi (dN̄/dEi) stands for the measured
(predicted) flux in the i-th energy bin. The vector θ

refers to all parameters of our model which determine
the predicted flux.

Constraints from indirect DM searches

The Fermi-LAT satellite has also provided bounds
on the DM annihilation cross section in the Galactic
halo derived from the study of the gamma ray spectrum
from dSphs and the search for spectral features in the
Galactic Centre. These limits play an important role in
the current analysis. Let us review them in more detail.

• Dwarf spheroidal galaxies
The mass of these objects is dominated by DM, hence,
they constitute ideal targets for indirect searches. The
Fermi-LAT collaboration has performed an analysis of
the gamma-ray emission from 25 dSphs using four years
of data [66]. The absence of a signal can be interpreted
as constraints on the annihilation cross section of DM
particles. It is customary to assume annihilation into
pure SM channels in the calculation of these bounds.
The occurrence of non standard annihilation final

states in our model prevents us from using these results
directly. Instead, we have extracted independent upper
bounds on ξ2⟨σv⟩0 for each of the six more constraining
dSphs (Coma Berenices, Draco, Segue I, Ursa Major II,
Ursa Minor and Willman I), using the DM flux predicted
by our model and the mean values for the J-factors from

Ref. [66]. Then, we have applied the most restrictive
of these limits to our data. We have checked that this
method leads to slightly less stringent bounds than the
combined limit from the Fermi-LAT collaboration (by a
factor smaller than 1.5), when applied to the region of
DM masses from 10 to 100 GeV with pure annihilation
channels.
Lastly, we have also estimated the impact of the

preliminary results derived from the latest data (Pass 8)
presented by the Fermi-LAT collaboration [67]. In
general for any final state, the limit on ξ2⟨σv⟩0 improves
by approximately a factor 4 − 5 for a DM mass in the
range 10 − 130 GeV. Conservatively, we have used a
factor 4 to assess the dSph bounds derived from the
newest Fermi data.

• Gamma-ray spectral features
The Fermi-LAT collaboration has performed a search

for spectral lines in the energy range 5 − 300 GeV [68].
Not having found any globally significant spectral fea-
ture, this analysis has been translated into 95% C.L. up-
per limits on the DM annihilation cross section into a
pair of photons, ⟨σv⟩0,γγ .
The RH sneutrino in the NMSSM can give rise to a

complex spectrum, displaying lines and box-shaped spec-
tral features3, which arise from the diagrams shown in
Figure 1, and involve annihilation into pairs of light scalar
and pseudoscalar Higgs bosons. The first diagram shows
the usual contribution to the primary production of a
pair of photons through a loop of charginos, sfermions,
top quarks, W± and charged Higgses, and would pro-
duce a line with Eγ = mÑ1

. The second and third dia-
grams would produce a line with energy Eγ = mH0

j,k
/2

or Eγ = mA0
1,2

/2 if any of the Higgs bosons were pro-

duced nearly at rest, when 2mÑ1
≈ mH0

j
+ mH0

k
or

2mÑ1
≈ mA0

j
+ mA0

k
. Otherwise, the decay in flight of

the boosted Higgs bosons give rise to box-shaped features
with a maximum energy Emax

γ = mÑ1
/2 and widths

∆Eγ = mÑ1
−mH0

j,k
(mA0

1,2
).

3 For a more detailed discussion on these features see Refs. [69, 70].

•  Four body final states  
(with intermediate light scalar and 
pseudoscalar Higgses) are 
favoured 

•  Include spectral features (lines and 
boxes) that improve the fit at high 
energy 
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FIG. 3. Differential gamma ray spectrum for the points in Table I for pure (left panel) and predominant (right panel) annihilation
channels. The colour convention is as in Fig. 2. The experimental data and errors are extracted from Ref. [10], as well as the best fit for a
pure bb̄ channel, represented by a black dashed line.

Pure final states

Final state mÑ1
(GeV) ξ2⟨σv⟩0 (cm3/s) ΩÑ1

h2 χ2

H0
1H

0
1 (91.8%) 119.8 5.1× 10−26 0.094 21.9

A0
1A

0
1 (90.6%) 65.0 2.7× 10−26 0.109 22.3

bb̄ (90.2%) 46.1 1.9× 10−26 0.038 22.6

Mixed final states

Final state mÑ1
(GeV) ξ2⟨σv⟩0 (cm3/s) ΩÑ1

h2 χ2

A0
1A

0
1 (44.7%) 63.8 2.9× 10−26 0.061 20.8

bb̄ (42.1%) 63.2 2.9× 10−26 0.042 21.0

H0
1H

0
1 (71.4%) 121.4 5.4× 10−26 0.075 21.6

gg (38.8%) 39.6 1.4× 10−26 0.071 23.7

cc̄ (33.0%) 39.0 1.2× 10−26 0.099 25.4

H0
1H

0
2 (44.5%) 127.4 4.3× 10−26 0.054 25.9

A0
1A

0
1 (4τ ) (67.5%) 25.5 1.5× 10−26 0.068 27.4

W+W− (28.0%) 72.4 2.6× 10−26 0.104 29.2

TABLE I. Properties of the points that provide the best fit
to the GCE for different annihilation final states. We have
separated the solutions into pure final states (which have an
annihilation percentage into a given channel bigger than 90%)
and mixed final states (in which case we show the dominant
channel with its percentage).

Since mA0
1

< 2mb, these pseudoscalars cannot decay
into a pair of b quarks and instead they do it predomi-
nantly into a pair of τ leptons. The resulting process,

Ñ1Ñ1 → 2A0
1 → 4τ , leads to a leptonic final state

(with best fit around mÑ1
≈ 25 GeV), which differs

from the usual 2τ final state (whose best fit is around
10 GeV [10]). We have also found 2τ final states,
however, these appear only for mÑ1

! 5 GeV [53] and
therefore fall out of the 95% C.L.

• mÑ1
≈ 30 − 135 GeV. This region is populated by

points which present annihilation mainly into bb̄ (grey),
cc̄ (green), gg (violet), A0

1A
0
1 (cyan), H0

1H
0
1 (blue) and

H0
1H

0
2 (dark blue).

The best fit for a pure annihilation into a bb̄ pair is
obtained for mÑ1

= 46.1 GeV (see Table I), in good
agreement with Ref. [10], but it shifts to larger masses
mÑ1

= 63.1 GeV if mixed final states are considered.
Very few solutions with dominant cc̄ and gg final states
are found. These channels dominate when the up com-
ponent of the lightest Higgs is larger than the down com-
ponent, which enhances the Higgs coupling to up-type
fermions and top loop contributions to gg final states.
However, these loop contributions also enhance the γγ
line production and most of the points are excluded
for this reason. Besides, these final states are always
related to the resonant annihilation of RH sneutrinos
through a light singlet-like H0

1 [53] and typically have
a smaller relic abundance than the lower bound consid-
ered in this article. This also happens for other channels
when mÑ1

≈ mH0
2
/2 ≈ 63 GeV, and explains the gap in

the plot.
The annihilation into a pair of CP even Higgs bosons

takes place mostly for mÑ1

>∼ 60 GeV. These subse-

quently decay mainly into bb̄ (if the down component

•  The best fit correspond to mixed final states 

DGC, Peiró, Robles JCAP 08 (2014) 005 
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Right-handed sneutrino in the NMSSM and the Galactic Centre Emission 

•  Many of these points can be checked by G2 direct detection experiments  

DGC, Peiró, Robles JCAP 08 (2014) 005 

Once more: Complementarity of DM searches 



Taxidermy (Phenomenology-driven) 

Identify some basic 
features from a 
positive 
observation 

Interpret experimental results in terms of simplified models or effective Lagrangians 

 

(Galactic Centre Emission)	  
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Taxidermy (Phenomenology-driven) 

Identify some basic 
features from a 
positive 
observation 

Perform a 
complementary 
measurement with 
other search 
technique 

(Galactic Centre Emission)	  

(Signal in various direct detection 
targets or at the LHC)	  
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Taxidermy (Phenomenology-driven) 

Identify some basic 
features from a 
positive 
observation 

Perform a 
complementary 
measurement with 
other search 
technique 

Some data might be more 
difficult to explain in terms 
of “standard” DM models 

(Galactic Centre Emission)	  

(Signal in various direct detection 
targets or at the LHC)	  

(DAMA annual modulation)	  
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Taxidermy (Phenomenology-driven) 

Identify some basic 
features from a 
positive 
observation 

Perform a 
complementary 
measurement with 
other search 
technique 

©	  Esteban	  Seimandi	  
	  	  	  	  Animalia	  ExsDnta	  

Some data might be more 
difficult to explain in terms 
of “standard” DM models 

This motivates working with general frameworks, where 
little or nothing is assumed for the DM particle	   29	  
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•  Experimental data allow us to reconstruct “phenomenological 
parameters”.  
 

  mX, σSI, σSD, <σv>ij 
 
•  Theoretical models tend to produce similar results  

(e.g., most WIMPs are alike) 

If there is a positive detection of DM, can we identify the underlying model?  

•  Data from different experiments has to be combined in order to 
remove degenerate solutions (and reduce the effect of 
uncertainties) 

Problem:  

Solution:  

Design strategies that allow the identification of DM from future 
data  



Identification of Dark Matter with direct detection experiments 

Given a DM direct detection, the DM mass and couplings can be determined from the 
observed number of events and energy spectrum. 

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

For spin 1 is different.]The explicit expressions for the scattering cross section de-

pend on the specific particle physics model. The WIMP-nucleon interactions can be

described by means of an effective Lagrangian,

L ⊃ αS
q χ̄χq̄q + αV

q χ̄γµχq̄γ
µq + αA

q (χ̄γ
µγ5χ)(q̄γµγ5q) . (2.4)

The scalar (S) and vector (V) couplings contribute to the spin-independent part of

the cross section, while the coupling to the quark axial current (A) contributes to the

spin-dependent one.

Regarding the spin-dependent contribution it is customary to define the WIMP

couplings to proton and neutrons as

ap =
∑

q=u,d,s

αA
q√

2GF

∆p
q ; an =

∑

q=u,d,s

αA
q√

2GF

∆n
q , (2.5)

and

Λ =
1

J
[ap⟨Sp⟩+ an⟨Sn⟩] . (2.6)

The resulting differential cross section can then be expressed (in the case of a fermionic

WIMP [DC: Is it not possible to use a parametrization which is independent

of fermions-bosons? The kinematical pre-factor is different but as long as

we do not relate it to fundamental parameters...]) as
(

dσWN

dER

)

SD

=
16mN

πv2
Λ2G2

FJ(J + 1)
S(ER)

S(0)
, (2.7)

3

Nuclear form factors 

1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f(v) is the WIMP speed distribution in the

detector frame normalized to unity. The integration over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

frame for WIMPs which are gravitationally bound to the Milky Way. The total event

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

of measuring, and is a crucial parameter of the experimental setup.

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

tum transfer, and the form factors FSI, SD(ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2

The energy spectrum depends on the 
WIMP mass and the mass of the target 
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Figure 2. The distribution of the maximum likelihood WIMP masses, mχ, and cross-
sections, σp, for exposures of (top row, left to right and then bottom row left to right)
E = 3 × 102, 3 × 103, 3 × 104 and 3 × 105 kg day. For E = 3 × 102 kg day we explicitly
plot the results from all 104 Monte Carlo experiments. For the larger exposures we
plot contours containing 68% and 95% of the probability distribution. In each panel
the large cross denotes the input parameters: mχ = 100 GeV, σp = 10−7 pb.

carried out assuming a Maxwellian speed distribution with vc = 220 km s−1. For each

experiment the extended likelihood is maximized for WIMP parameters which produce

an expected number of events equal to the actual number of events observed in that
experiment: λ(mχ, σp) = Nexpt. This means that, for fixed exposure, the ML parameters

are localized on curves corresponding to fixed Nexpt. For a given experiment the position

of the ML parameters on the curve depends on the energies of the observed events. For

E = 3 × 102 kg day, λin = 7.8, which is sufficiently small that the stratification of ML

parameters is clearly visible and we hence plot the actual pairs of mχ − σp values. For

the larger exposures the mean number of events expected is proportionately larger, the
stratification is no longer visible, the ML values are better localized in the mχ−σp plane

and we instead plot contours containing 68% and 95% of the simulated experiments.

We calculate the continuous probability distribution of mχ and σp by smoothing the ML

values from the 104 Monte Carlo simulations with a double gaussian kernel and summing
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Example: mX=100 GeV  
Exposure: 3000 kg day (Ge target)	  

Green ’07	  
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There are degenerate solutions 
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Figure 3: The same as inf Fig. 2, but for the benchmark point L-SI.
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A single experiment cannot determine all the WIMP couplings, a combination of 
various targets is necessary. 

We need multiple experiments (with various targets) 

M1, M2, M3 (1.18)

m2

L1,3
, m2

E1,3
(1.19)

m2

Q1,3
, m2

U1,3
, m2

D1,3
(1.20)

AE, AU , AD (1.21)

m2

Hd
, m2

Hu
(1.22)

M, m, A, tanβ, sign(µ) (1.23)

tanβ ≡
⟨Hu⟩

⟨Hd⟩
(1.24)

σSI
0

= 10−9 pb

σSD
0

= 10−5 pb

mW = 50GeV

ϵ = 300 kg yr (1.25)

3

We use s imulated data to assess the 
reconstruction of DM parameters 
 
Astrophysical and nuclear uncertainties included 
 
Prospects for SuperCDMS (Ge) 
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A single experiment cannot determine all the WIMP couplings, a combination of 
various targets is necessary. 

A combination of Germanium and Xenon greatly helps in reconstructing the DM 
parameters 
 
Targets with different sensitivities to SI and SD cross section are needed (e.g., F, Al) 
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We need multiple experiments (with various targets) 
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A single experiment cannot determine all the WIMP couplings, a combination of 
various targets is necessary. 

A combination of Germanium and Xenon greatly helps in reconstructing the DM 
parameters 
 
Targets with different sensitivities to SI and SD cross section are needed (e.g., F, Al) 
 
This is an excellent tool to help design future experiments. 
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Figure 6: The same as in Fig. 5 but for the case of BM2.
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Are we being too conservative in describing DM-nucleus interactions? 

/ Physics Procedia 00 (2014) 1–10 2

• inelastic interactions need only be considered in unusual cases where a target nucleus has an excited state within
⌃ 100 keV of the ground state; and

• a proper quantum mechanical treatment of the elastic scattering cross section should take into account the size
of the nucleus, as qRnucleus & 1.

Because the WIMP will, in most cases, only scatter elastically, one also sees that parity and time-reversal selection
rules that operate for diagonal matrix elements will limit what can be learned in direct detection experiments.

While we know little about dark matter interactions with ordinary matter, their possible associations with elec-
troweak interactions suggests using the standard model as a guide. In electromagnetism, elastic scattering can occur
through charge or magnetic interactions. Both interactions involve nontrivial isospin – the charge coupling is only to
protons, while the magnetic coupling involves the distinct proton and neutron magnetic moments. Magnetic elastic
scattering occurs through two interfering three-vector operators, spin ⌃�(i) and orbital angular momentum ⌃⇧(i). For
weak interactions, the weak charge operator couples primarily to neutrons, while the axial-charge operator ⌃�(i) · ⌃p(i)
makes e⇥ectively no contribution to elastic scattering, apart from small recoil corrections, due to the constraints im-
posed by parity and time-reversal invariance. One might expect, consequently, that the WIMP-nuclear interaction will
involve a variety of operators as well as couplings that depend on isospin.

In part for historical reasons, WIMP elastic scattering experiments are most often analyzed by assuming the
interaction is simpler than those described above: isoscalar, coupled either to the nucleon number operator 1(i) (spin-
independent or SI) or the nucleon spin �(i) (spin-dependent or SD) [3, 6, 7]. These are the operators for a point
nucleus. While a form factor is often introduced to account phenomenologically for the fact that the momentum
transfer is large on the nuclear scale, the quantum mechanical consequences of o(1) operators like ⌃q · ⌃r(i) have been
largely neglected.

Recently there have been e⇥orts to treat the WIMP-nucleon interaction in more generality, using the tools of ef-
fective field theory (EFT) [8, 9, 10, 11]. We describe the approach of [9, 11] in Sec. 2 and its consequences for
WIMP-nucleus elastic scattering. Consistent with general symmetry arguments, six independent nuclear response
functions are identified, in contrast to the two assumed in SI/SD treatments. The new operators are associated with
derivative couplings, where a proper treatment of ⌃q · ⌃r(i) is essential due to the need to identify associated parity- and
time-reversal-conserving elastic operators. When this is done, we find that velocity-dependent interactions lead to
cross sections ⌃ q2/m2

N G2
F ⌃ 10�2 G2

F , where mN in the nucleon mass and GF the weak coupling constant, in contrast
to the SI/SD result, ⌃ v2

T G2
F ⌃ 10�6 G2

F . Our e⇥ective theory treatment shows that much more can be learned about
the properties of WIMP dark matter from elastic scattering experiments than is generally appreciated. However, it
also shows that a greater variety of experiments will be necessary to extract this information and to eliminate possible
sources of confusion, when competing experiments are compared.

2. The Nuclear Elastic Response from E↵ective Theory

Here we summarize the e⇥ective theory construction of the WIMP-nucleon interaction of Ref. [9, 11]. Details can
be found in the original papers. The Lagrangian density for the scattering of a WIMP o⇥ a nucleon is taken to have
the form

Lint(⌃x) = c �⇤⇥(⌃x)O⇥�⇥(⌃x) �⇤N(⌃x)ON�N(⌃x), (1)

where the �(⌃x) are nonrelativistic fields and where the WIMP and nucleon operators O⇥ and ON may have vector
indices. The operators O⇥ and ON are then allowed to take on their most general form, constrained by imposing
relevant symmetries. The construction was done in the nonrelativistic limit to second order in the momenta. Thus the
relevant operators are those appropriate for use with Pauli spinors. The Galilean-invariant amplitudes take the form

N⇤

i=1

�
cn

i O n
i + cp

i O
p
i

⇥
, (2)

where the coupling coe⇤cients ci may be di⇥erent for proton and neutrons. The number N of such operators Oi –
which have the product form Oi

⇥ ⌅ Oi
N – depends on the generality of the particle physics description.
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These operators contribute to six types of response105

functions, as well as two types of interference. The spin-106

independent response is denoted M and is typically the107

strongest of the six functions since it is related to the108

number of nucleons in the target nucleus. The main con-109

tribution to this response comes from the standard spin-110

independent operator O1, but it also contains higher-111

order contributions from operators 5, 8, and 11. There112

are two spin-dependent responses, ⇥� and ⇥��, which cor-113

respond to projections of spin parallel and perpendicular114

to the momentum transfer. A linear combination of these115

two responses yields the standard spin-dependent opera-116

tor O4. Many of the other operators also appear in one117

of these two responses. The � response, a novel type of118

response introduced in the e⌅ective field theory, is related119

to the net angular momentum of an unpaired nucleon and120

contains contributions from operators 5 and 8. A second121

novel response is ⇤��, which is is sensitive to the product122

of angular momentum and spin. This response tends to123

favor heavier elements and is the dominant response for124

O3. The last response considered in the e⌅ective field125

theory, ⇤̃�, contains contributions from operators 3, 12,126

and 15. ⇤̃� is discussed less frequently in the literature127

since it is di⌃cult to find a model that produces this128

response, but we consider it here for completeness.129

The e⌅ective field theory also includes two operator-130

operator interference terms: ⇥�� andM⇤��. ⇥� interferes131

with � because responses which are dependent on veloc-132

ity are sensitive to properties such as angular momentum133

which depend on the motion of the nucleon within the nu-134

cleus. This interference term is particularly significant for135

germanium, which has large responses to both ⇥� and �.136

The ⇥�� response contains interference between O4 and137

O5, as well as between O8 and O9. In addition, since138

both M and ⇤�� are scalar responses, interference be-139

tween the two can be significant, especially for elements140

like xenon which have large responses to both. The M⇤��
141

response contains interference between operators O1 and142

O3, operators O11 and O12, and operators O11 and O15.143

The strength of an EFT interaction is governed by nu-144

merical coe⌃cients associated with each of the operators,145

one for each operator and isospin. These coe⌃cients are146

here labeled c�i with i indicating operator number and147

� = 0 or 1 indicating isoscalar (cp = cn) and isovector148

(cp = �cn), respectively. They are generalized versions149

of fn and fp and can take on any value, positive or neg-150

ative. The coe⌃cients appear as c�i c
� 0

j in the interaction,151

indicating that operators interfere at most pair-wise.152

This paper discusses the Fitzpatrick et al. e⌅ective field153

theory in the context of current and proposed direct de-154

tection experiments. We present exclusion limits on EFT155

operator coe⌃cients using the optimum interval method.156

We discuss the di⌅erences in energy spectra that arise for157

arbitrary EFT interactions and examine how this energy158

dependence may a⌅ect future experiments if WIMP can-159

didate events are observed. We also consider the vari-160

ation in interaction strength across the elements com-161

monly used as direct detection targets and discuss pos-162

sible ways of exploring interference using experimental163

results. Finally, we discuss the implications of this e⌅ec-164

tive field theory for the G2 direct detection experiments.165

EXCLUSION LIMITS ON A SET OF EFT166

OPERATORS167

The strength of the interaction in the EFT frame-168

work is governed by a set of 28 numerical coe⌃cients169

corresponding to the 14 operators, one for each isospin.170

Other work has attempted to find global fits in this many-171

dimensional EFT parameter space using combined data172

from many direct detection experiments [21]. However,173

since the parameter space is large and relatively uncon-174

strained by current experiments, we choose to calculate175

exclusion limits on the coe⌃cients for individual EFT176

operator for three di⌅erent target elements: germanium177

(SuperCDMS LT and CDMS-II), silicon (CDMS-II), and178

xenon (LUX). This is the first EFT experimental result179

that includes all three target elements that will be used180

in the G2 experiments. In addition, the optimum inter-181

val method provides a more accurate calculation of the182

limits since it includes information about the candidate183

event energies and energy-dependent detection e⌃ciency184

that is lost in likelihood methods that consider a single185
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The most general effective Lagrangian contains up to 14 (x2) different operators 
that induce six types of response functions and two new interference terms 

Haxton, Fitzpatrick 2012-2014 
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TABLE VIII. Operators for a spin-1
2 WIMP via a neutral mediator

Scalar Mediator
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29

E.g., For a spin ½ particle  

These operators can be obtained as the non-relativistic limit of 
relativistic operators (e.g.,  starting from UV complete models) 

Dent, Krauss, Newstead, Sabbharwal 2015  
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These are extremely sensitive to the choice of target material, being crucial in the 
design phase of new experiments.    

Some targets have 
enhanced 
sensitivities for a 
given set of 
operators 
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Limits on EFT operators (SuperCDMS) 

6

FIG. 3. Co-added energy spectrum from 100 simulated experiments (blue histogram) assuming the dark matter interaction
proceeds according to the isoscalar O3 operator for a 10GeV/c2 (left) and a 300GeV/c2 WIMP (right). The detection e�ciency
is assumed to be independent of energy. The smooth cyan, magenta, and black curves show the expected spectrum for the
standard spin-independent rate for several WIMP masses, while the dashed dark blue curve shows the O3 spectrum from which
the simulated experiments were sampled.

FIG. 4. Distribution of 90% confidence level upper limits calculated using the optimum interval method for the simulated
experiments discussed in Sec. 3 and shown in Fig. 3, sampled from the event rate for isoscalar O3. Shaded blue bands show
the 68% and 95% confidence level uncertainty on the distribution. The zero-background Poisson limit is shown in magenta.

tends to be weaker at larger WIMP masses where the
tail of the spin-independent event rate extends to higher
recoil energies. For the 300GeV/c2 case, the distribu-
tion of limits agrees with the Poisson zero-background
limit at low masses; the observed events occur at recoil
energies that cannot be produced by a low-mass WIMP.
At higher masses, the distribution of limits is still close
to the zero-background limit because the shape of the
observed spectrum is very di↵erent from the expected
spin-independent WIMP rate.

The di↵erence in the limits between the spin-
independent and EFT cases demonstrates the impor-
tance of correctly modeling the expected WIMP signal.

Algorithms that assume the standard spin-independent
rate when calculating limits will interpret events from
EFT interactions with di↵erent spectral shapes as back-
ground, and thus, this assumption could lead to a bias in
the exclusion limits reported by experiments, especially
in the case where events are observed.

K. Schneck et al. PRD 2015 

-  Assume contribution from only 
one operator at a time 

 
-  Bounds very sensitive to the 

actual target 

-  Potential cancellations between 
some operators 

•  The spectrum differs from the 
expected for standard 
interactions 

-  A DM signal could be 
misidentified as background 

-  The reconstruction of a signal 
would point towards the wrong 
mass and couplings 
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FIG. 1. Upper limits on the dimensionless isoscalar coe�cients c

0
3 (left) and c

0
8 (right) as a function of WIMP mass for

SuperCDMS Soudan (light blue) [10], CDMS II Ge (dark blue) [26], and CDMS II Si (red) [27], and estimated limits for LUX
(black) [11], for the Maxwellian halo (solid) and an alternate halo model (dashed).

Operator coe�cient SuperCDMS Soudan CDMS II Ge CDMS II Si

(c01)
2 ⇤m4

weak 8.98⇥ 10�5 (—) 1.19⇥ 10�3 (1.13⇥ 10�5) 3.06⇥ 10�3 (7.73⇥ 10�4)

(c03)
2 ⇤m4

weak 3.14⇥ 104 (—) 1.06⇥ 105 (3.08⇥ 101) 8.59⇥ 105 (1.37⇥ 104)

(c04)
2 ⇤m4

weak 8.77⇥ 101 (—) 1.24⇥ 103 (1.53⇥ 101) 3.94⇥ 103 (1.02⇥ 103)

(c05)
2 ⇤m4

weak 6.34⇥ 105 (—) 5.30⇥ 106 (4.82⇥ 103) 2.67⇥ 107 (1.55⇥ 106)

(c06)
2 ⇤m4

weak 4.54⇥ 108 (—) 1.55⇥ 109 (5.21⇥ 105) 2.44⇥ 1010 (3.70⇥ 108)

(c07)
2 ⇤m4

weak 8.44⇥ 107 (—) 1.76⇥ 109 (1.62⇥ 107) 3.19⇥ 109 (929⇥ 108)

(c08)
2 ⇤m4

weak 4.30⇥ 102 (—) 7.68⇥ 103 (3.51⇥ 101) 1.70⇥ 104 (3.49⇥ 103)

(c09)
2 ⇤m4

weak 1.95⇥ 105 (—) 1.32⇥ 106 (4.84⇥ 103) 9.17⇥ 106 (7.34⇥ 105)

(c010)
2 ⇤m4

weak 9.22⇥ 104 (—) 5.83⇥ 105 (1.09⇥ 103) 4.34⇥ 106 (2.86⇥ 105)

(c011)
2 ⇤m4

weak 5.13⇥ 10�1 (—) 3.23⇥ 100 (6.59⇥ 10�3) 1.86⇥ 101 (1.34⇥ 100)

(c012)
2 ⇤m4

weak 1.03⇥ 102 (—) 6.33⇥ 102 (1.04⇥ 100) 2.45⇥ 103 (1.69⇥ 102)

(c013)
2 ⇤m4

weak 4.28⇥ 108 (—) 1.44⇥ 109 (4.12⇥ 105) 2.50⇥ 1013 (1.36⇥ 1012)

(c014)
2 ⇤m4

weak 5.00⇥ 1011 (—) 4.91⇥ 1012 (1.06⇥ 1010) 2.64⇥ 1013 (1.72⇥ 1012)

(c015)
2 ⇤m4

weak 1.32⇥ 108 (—) 2.76⇥ 108 (1.26⇥ 104) 4.44⇥ 109 (1.48⇥ 107)

TABLE I. SuperCDMS and CDMS II 90% confidence level upper limits on the square of the dimensionless EFT coe�cient for
pure isoscalar interaction for a 10 GeV/c2 (300 GeV/c2) WIMP for all isoscalar EFT operators. The upper limits vary in
accordance with the relative strength of the interaction in silicon and germanium.

O8 (Fig. 1, right) includes contributions from the � re-
sponse, which is greater in germanium than in silicon or
xenon. This contribution strengthens the SuperCDMS
Soudan constraint relative to LUX and CDMS II Si. In
addition, the shape of the curve for a single target ele-
ment changes from operator to operator. For example,
O3 depends on the square of the momentum transfer,
naturally suppressing the event rate at low energies. As
a result, the limits at low WIMP mass for O3 are weaker
than for other operators.

The di↵erence between the two WIMP velocity distri-
butions becomes apparent when the only events expected
above the detection thresholds are due to WIMPs in the

high-velocity tails. Since both CDMS and LUX have
thresholds of a few keV, this disparity appears only at
the lowest WIMP masses. The di↵erence is also more
pronounced for LUX, since its target nucleus, xenon, is
heavier than silicon or germanium. A dark matter parti-
cle must have a higher velocity to deposit a given recoil
energy in xenon than in germanium or silicon; higher-
energy recoils become comparatively rarer. For the Su-
perCDMS Soudan result, the di↵erence in velocity dis-
tributions leads to a factor of two di↵erence in the limit
around 4GeV/c2, whereas for LUX, the di↵erence in
velocity distribution leads to a factor of two di↵erence
around 7GeV/c2.
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FIG. 1. Upper limits on the dimensionless isoscalar coe�cients c

0
3 (left) and c

0
8 (right) as a function of WIMP mass for

SuperCDMS Soudan (light blue) [10], CDMS II Ge (dark blue) [26], and CDMS II Si (red) [27], and estimated limits for LUX
(black) [11], for the Maxwellian halo (solid) and an alternate halo model (dashed).
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(c04)
2 ⇤m4

weak 8.77⇥ 101 (—) 1.24⇥ 103 (1.53⇥ 101) 3.94⇥ 103 (1.02⇥ 103)

(c05)
2 ⇤m4

weak 6.34⇥ 105 (—) 5.30⇥ 106 (4.82⇥ 103) 2.67⇥ 107 (1.55⇥ 106)

(c06)
2 ⇤m4

weak 4.54⇥ 108 (—) 1.55⇥ 109 (5.21⇥ 105) 2.44⇥ 1010 (3.70⇥ 108)

(c07)
2 ⇤m4

weak 8.44⇥ 107 (—) 1.76⇥ 109 (1.62⇥ 107) 3.19⇥ 109 (929⇥ 108)

(c08)
2 ⇤m4

weak 4.30⇥ 102 (—) 7.68⇥ 103 (3.51⇥ 101) 1.70⇥ 104 (3.49⇥ 103)

(c09)
2 ⇤m4

weak 1.95⇥ 105 (—) 1.32⇥ 106 (4.84⇥ 103) 9.17⇥ 106 (7.34⇥ 105)

(c010)
2 ⇤m4

weak 9.22⇥ 104 (—) 5.83⇥ 105 (1.09⇥ 103) 4.34⇥ 106 (2.86⇥ 105)

(c011)
2 ⇤m4

weak 5.13⇥ 10�1 (—) 3.23⇥ 100 (6.59⇥ 10�3) 1.86⇥ 101 (1.34⇥ 100)

(c012)
2 ⇤m4

weak 1.03⇥ 102 (—) 6.33⇥ 102 (1.04⇥ 100) 2.45⇥ 103 (1.69⇥ 102)

(c013)
2 ⇤m4

weak 4.28⇥ 108 (—) 1.44⇥ 109 (4.12⇥ 105) 2.50⇥ 1013 (1.36⇥ 1012)

(c014)
2 ⇤m4

weak 5.00⇥ 1011 (—) 4.91⇥ 1012 (1.06⇥ 1010) 2.64⇥ 1013 (1.72⇥ 1012)

(c015)
2 ⇤m4

weak 1.32⇥ 108 (—) 2.76⇥ 108 (1.26⇥ 104) 4.44⇥ 109 (1.48⇥ 107)

TABLE I. SuperCDMS and CDMS II 90% confidence level upper limits on the square of the dimensionless EFT coe�cient for
pure isoscalar interaction for a 10 GeV/c2 (300 GeV/c2) WIMP for all isoscalar EFT operators. The upper limits vary in
accordance with the relative strength of the interaction in silicon and germanium.

O8 (Fig. 1, right) includes contributions from the � re-
sponse, which is greater in germanium than in silicon or
xenon. This contribution strengthens the SuperCDMS
Soudan constraint relative to LUX and CDMS II Si. In
addition, the shape of the curve for a single target ele-
ment changes from operator to operator. For example,
O3 depends on the square of the momentum transfer,
naturally suppressing the event rate at low energies. As
a result, the limits at low WIMP mass for O3 are weaker
than for other operators.

The di↵erence between the two WIMP velocity distri-
butions becomes apparent when the only events expected
above the detection thresholds are due to WIMPs in the

high-velocity tails. Since both CDMS and LUX have
thresholds of a few keV, this disparity appears only at
the lowest WIMP masses. The di↵erence is also more
pronounced for LUX, since its target nucleus, xenon, is
heavier than silicon or germanium. A dark matter parti-
cle must have a higher velocity to deposit a given recoil
energy in xenon than in germanium or silicon; higher-
energy recoils become comparatively rarer. For the Su-
perCDMS Soudan result, the di↵erence in velocity dis-
tributions leads to a factor of two di↵erence in the limit
around 4GeV/c2, whereas for LUX, the di↵erence in
velocity distribution leads to a factor of two di↵erence
around 7GeV/c2.
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FIG. 3. Co-added energy spectrum from 100 simulated experiments (blue histogram) assuming the dark matter interaction
proceeds according to the isoscalar O3 operator for a 10GeV/c2 (left) and a 300GeV/c2 WIMP (right). The detection e�ciency
is assumed to be independent of energy. The smooth cyan, magenta, and black curves show the expected spectrum for the
standard spin-independent rate for several WIMP masses, while the dashed dark blue curve shows the O3 spectrum from which
the simulated experiments were sampled.

FIG. 4. Distribution of 90% confidence level upper limits calculated using the optimum interval method for the simulated
experiments discussed in Sec. 3 and shown in Fig. 3, sampled from the event rate for isoscalar O3. Shaded blue bands show
the 68% and 95% confidence level uncertainty on the distribution. The zero-background Poisson limit is shown in magenta.

tends to be weaker at larger WIMP masses where the
tail of the spin-independent event rate extends to higher
recoil energies. For the 300GeV/c2 case, the distribu-
tion of limits agrees with the Poisson zero-background
limit at low masses; the observed events occur at recoil
energies that cannot be produced by a low-mass WIMP.
At higher masses, the distribution of limits is still close
to the zero-background limit because the shape of the
observed spectrum is very di↵erent from the expected
spin-independent WIMP rate.

The di↵erence in the limits between the spin-
independent and EFT cases demonstrates the impor-
tance of correctly modeling the expected WIMP signal.

Algorithms that assume the standard spin-independent
rate when calculating limits will interpret events from
EFT interactions with di↵erent spectral shapes as back-
ground, and thus, this assumption could lead to a bias in
the exclusion limits reported by experiments, especially
in the case where events are observed.
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FIG. 1. Upper limits on the dimensionless isoscalar coe�cients c

0
3 (left) and c

0
8 (right) as a function of WIMP mass for

SuperCDMS Soudan (light blue) [10], CDMS II Ge (dark blue) [26], and CDMS II Si (red) [27], and estimated limits for LUX
(black) [11], for the Maxwellian halo (solid) and an alternate halo model (dashed).
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O8 (Fig. 1, right) includes contributions from the � re-
sponse, which is greater in germanium than in silicon or
xenon. This contribution strengthens the SuperCDMS
Soudan constraint relative to LUX and CDMS II Si. In
addition, the shape of the curve for a single target ele-
ment changes from operator to operator. For example,
O3 depends on the square of the momentum transfer,
naturally suppressing the event rate at low energies. As
a result, the limits at low WIMP mass for O3 are weaker
than for other operators.

The di↵erence between the two WIMP velocity distri-
butions becomes apparent when the only events expected
above the detection thresholds are due to WIMPs in the

high-velocity tails. Since both CDMS and LUX have
thresholds of a few keV, this disparity appears only at
the lowest WIMP masses. The di↵erence is also more
pronounced for LUX, since its target nucleus, xenon, is
heavier than silicon or germanium. A dark matter parti-
cle must have a higher velocity to deposit a given recoil
energy in xenon than in germanium or silicon; higher-
energy recoils become comparatively rarer. For the Su-
perCDMS Soudan result, the di↵erence in velocity dis-
tributions leads to a factor of two di↵erence in the limit
around 4GeV/c2, whereas for LUX, the di↵erence in
velocity distribution leads to a factor of two di↵erence
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FIG. 3. Co-added energy spectrum from 100 simulated experiments (blue histogram) assuming the dark matter interaction
proceeds according to the isoscalar O3 operator for a 10GeV/c2 (left) and a 300GeV/c2 WIMP (right). The detection e�ciency
is assumed to be independent of energy. The smooth cyan, magenta, and black curves show the expected spectrum for the
standard spin-independent rate for several WIMP masses, while the dashed dark blue curve shows the O3 spectrum from which
the simulated experiments were sampled.

FIG. 4. Distribution of 90% confidence level upper limits calculated using the optimum interval method for the simulated
experiments discussed in Sec. 3 and shown in Fig. 3, sampled from the event rate for isoscalar O3. Shaded blue bands show
the 68% and 95% confidence level uncertainty on the distribution. The zero-background Poisson limit is shown in magenta.

tends to be weaker at larger WIMP masses where the
tail of the spin-independent event rate extends to higher
recoil energies. For the 300GeV/c2 case, the distribu-
tion of limits agrees with the Poisson zero-background
limit at low masses; the observed events occur at recoil
energies that cannot be produced by a low-mass WIMP.
At higher masses, the distribution of limits is still close
to the zero-background limit because the shape of the
observed spectrum is very di↵erent from the expected
spin-independent WIMP rate.

The di↵erence in the limits between the spin-
independent and EFT cases demonstrates the impor-
tance of correctly modeling the expected WIMP signal.

Algorithms that assume the standard spin-independent
rate when calculating limits will interpret events from
EFT interactions with di↵erent spectral shapes as back-
ground, and thus, this assumption could lead to a bias in
the exclusion limits reported by experiments, especially
in the case where events are observed.
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Conclusions 

Exciting times ahead with future DM experiments (direct and indirect) and the LHC  

Existing “well motivated” models can account for some of these observations 

Potential signals might be clarified (Galactic Centre Emission, DAMA…) 

New regions of the parameter space explored 

E.g., Right-handed sneutrino DM and the Galactic Centre Emission 

Future new data might provide information about the DM properties 

The use of multiple targets, or combination of different data is crucial  

Need to consider more general DM interactions and/or simplified 
models  
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